It is difficult to determinate the cause of death from exposure to fatal hypothermia and hyperthermia in forensic casework. Here, we present a state-of-the-art study that employs Fourier-transform infrared (FTIR) spectroscopy to investigate the hypothalamus tissues of fatal hypothermic, fatal hyperthermic and normothermic rats to determine forensically significant biomarkers related to fatal hypothermia and hyperthermia. Our results revealed that the spectral variations in the lipid, protein, carbohydrate and nucleic acid components are highly different for hypothalamuses after exposure to fatal hypothermic, fatal hyperthermic and normothermic conditions. In comparison with the normothermia group, the fatal hypothermia and hyperthermia groups contained higher total lipid amounts but were lower in unsaturated lipids. Additionally, their cell membranes were found to have less motional freedom. Among these three groups, the fatal hyperthermia group contained the lowest total proteins and carbohydrates and the highest aggregated and dysfunctional proteins, while the fatal hypothermia group contained the highest level of nucleic acids. In conclusion, this study demonstrates that FTIR spectroscopy has the potential to become a reliable method for the biochemical characterization of fatal hypothermia and hyperthermia hypothalamus tissues, and this could be used as a postmortem diagnostic feature in fatal hypothermia and hyperthermia deaths.
Introduction
Thermoregulation, as one important aspect of human homeostasis, keeps the body temperature of the organism within certain boundaries [1] . The prolonged exposure to extreme ambient temperature (fatal hypothermia and hyperthermia) can induce the breakdown of the internal thermoregulatory control and finally, especially for the very young and the elderly, lead to death [2, 3] . The identification of hypothermia and hyperthermia as the cause of death is usually difficult in forensic casework because of unspecific, irregular or even negative macroscopic and microscopic findings [2] [3] [4] [5] [6] [7] . In order to better understand the pathophysiology of fatal hypothermia and hyperthermia, numerous postmortem biochemical investigations of biochemical markers such as electrolytes, hormones, blood proteins, enzymes and neurotransmitters, in the blood and other biological fluids, have been performed in the last several decades [2] [3] [4] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, the practical applications of these biochemical investigation results need to be confirmed through targeted studies on larger sample groups of hypothermia/hyperthermia-related deaths.
The hypothalamus is the main seat of thermoregulation, and its metabolic and functional activity changes as the core temperature of the body changes [17] . Therefore, it is reasonable to expect that a good knowledge of the biochemical hypothalamus response to fatal hypothermic/hyperthermic stress would be for the experiment. The rat models were established as described previously [59, 60] . Briefly, the rats were kept for one week in stainless steel cages at 23 + − 2
• C until physical conditions were stabilized in a 12-h light/dark environment. Food and water were supplied ad libitum. Then, the rats were anaesthetized with an intraperitoneal injection of pentobarbital sodium (50 mg/kg) and randomly divided into three groups. In the fatal hyperthermia group (n=17), the rats were exposed to an ambient temperature of 43
• C in a temperature-controlled chamber with relative humidity of 60% until death (average death time, 80 min). In the fatal hypothermia group (n=17), the dorsal and abdominal hair of the rats were shaved and thereafter the area was immersed in ethanol (96%) for about 10 s. After ethanol exposure, the rats were placed in a cold room at 4
• C until death (average death time, 120 min). In the control group (n=13), rats were humanely sacrificed through decapitation. When each rat was confirmed dead, its brain was removed rapidly, then snap-frozen with liquid nitrogen and stored at −80
• C until the FTIR experiments. Just before the experiment, a brain sample was taken from the freezer and two adjacent 10-μm-thick coronal sections of the brain were cut with a cryo-microtome at −18
• C. The details about the selection of specific brain coronal sections for infrared measurement are presented in Supplementary Figure S1 . One section was melted onto a CaF 2 substrate, and then air-dried for a period of 2 min for immediate FTIR imaging analysis. The other section was mounted on a conventional glass slide and stained with hematoxylin&eosin (H&E).
FTIR spectroscopic analysis
FTIR spectroscopic images were collected using a Nicolet iN10 MX infrared microscope (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a liquid nitrogen cooled 16-element mercury-cadmium-telluride linear array detector. The OMNIC Picta software 9.0 (Thermo Fisher Scientific, Waltham, MA, USA) was used for instrument control and spectral data acquisition. In this study, the spatial and spectral resolutions were set to 25 × 25 μm 2 and 4 cm −1 . Spectra were acquired with the co-addition of 32 scans over the range 4000−900 cm −1 . A background image was collected from a blank substrate before the collection of each sample image. FTIR spectroscopic images of samples mounted on CaF 2 slides were collected in transmission mode. In these conditions, approximately 4 min were needed to collect an infrared image containing 160 spectra and corresponding to a typical hypothalamus area of 250 × 400 μm 2 . It should be mentioned that before each measurement, the specific area of hypothalamus was confirmed by a professional pathologist. A total of 47 images (an image per sample) were finally recorded. A row spectral data set containing 7520 spectra (2720 for the fatal hypothermia group, 2720 for the fatal hyperthermia group and 2080 for the normothermia group) were gathered from these 47 images and then subjected to data pre-processing.
Spectral data pre-processing and analysis
First, a 4-point baseline, passing by 3100, 2800, 1800 and 899 cm −1 , was subtracted from each spectrum. Subsequently, the spectral dataset was subjected to extended multiplicative signal correction (EMSC) [61] to normalize the spectra and remove scattering effects. Finally, the dimensionalities of the spectral dataset were reduced to the 3100−2800 and 1800−900 cm −1 , two specific regions dominated by the spectral features of biochemical components such as lipids, proteins, carbohydrates and nucleic acids. The pre-processed spectra were then subjected to principle component analysis (PCA) and random forest (RF). PCA is a classic unsupervised multivariate algorithm that can be used to categorize the samples based on the differences between the spectra [62] . PCA offers two important outcomes: one is PC-scores, which provides a way to understand and visualize the distribution of complex spectral datasets; the other is PC-loadings, which helps us identify new meaningful spectral variables underlying the distribution. RF is a supervised classification method whose one parameter, Mean Decrease in Gini Coefficient, could reveal important distinguishing wavenumbers [63] . PCA and RF were both implemented in this study to mine specific spectral features responsible for the discrimination of fatal hypothermic, fatal hyperthermic and normothermic hypothalamus tissues.
The pre-processing of the raw spectral dataset was performed using Unscrambler 10.3X (Camosoftware, Oslo, Norway). PCA was performed using the Statistics Toolbox built into MATLAB 2014a (MathWorks Inc., Natick, MA, USA). RF analysis was conducted using the 'RandomForest' Package (version 4.6-12) implemented in R 3.4.1.
Statistical analysis
Normality of data was not guaranteed, so nonparametric methods of statistical analysis were adopted in this study. All data are presented as medians together with interquartile ranges. The statistical significance of differences between the analyzed groups was assessed by Kruskal-Wallis test. Nemenyi test was applied for multiple comparisons. A probability value of < 0.05 was considered significant. The statistical analysis was performed using the Statistics Toolbox built into MATLAB 2014a (MathWorks Inc., Natick, MA, USA). 
Results and discussion

Histopathological analysis
Histopathological analysis is a conventional procedure for forensic post-mortem examination. Generally, clear histopathological findings can help the examiner determine the antemortem pathophysiological state of the tissues [64] . In this study, to examine histopathological changes, the three groups of hypothalamus tissues were stained with H&E. An edematous and congestive characteristic of the hypothalamus was generally observed in the fatal hypothermic and hyperthermic samples ( Figure 1 ). However, these findings are regarded as nonspecific in forensic pathology because similar changes can be observed in other cases with different causes of death.
FTIR difference spectra analysis
The EMSC normalized and averaged IR spectra of the three groups of hypothalamus tissue are displayed in Figure 2A . However, these three averaged spectra seem to be very similar at first glance. Therefore, in our next step, differential spectrum analysis was applied to capture the subtle spectral alterations. Figure 2B displays the new spectra calculated from the mean absorbance spectra shown in Figure 2A . The positive and negative signals representing absorbance differences are noticed mainly in the lipid region (3100−2800 cm −1 ), protein amide I and II bands (1700−1500 cm −1 ) and carbohydrate and nucleic acid region (1200−900 cm −1 ), indicative of the proteomic, lipidic, genomic and metabolic variations among the fatal hypothermic, fatal hyperthermic and normothermic hypothalamus tissues. When the averaged absorbance spectrum of the normothermia group was subtracted from the fatal hypothermia and hyperthermia groups, their resultant difference spectra show quite similar band shapes in the lipid (3100−2800 cm −1 ) and protein amide I (1700−1600 cm −1 ) regions. In comparison with the normothermia group, the absorbance value at around 2850 and 2920 cm −1 , attributed to the CH 2 symmetric and asymmetric stretching mode of the fatty acids [65] , increases in both the fatal hypothermia and hyperthermia groups. The observation of the negative peak at 1668 cm −1 (assigned as β-turn structures) [66] and the positive peak at 1626 cm −1 (assigned as β-sheet structures) [65] clearly demonstrates alterations of the secondary structures of regular proteins. However, the band shapes below 1530 cm −1 in the resultant difference spectra are quite different. The absorbance value at around 1518 cm −1 , arising from tyrosine side chains [67] , decreases in the case of the fatal hypothermia group but increases in the case of the fatal hyperthermia group. This finding suggests a different concentration of tyrosine-rich proteins in the fatal hypothermia and hyperthermia groups. Additionally, two positive peaks around 1086 and 972 cm −1 were detected for fatal hypothermia group; the 1086 cm −1 peak arises from symmetric PO 2− stretching of phosphodiester groups that could be found in DNA, RNA and phospholipids [65] and 972 cm −1 is attributed to C-C/C-O stretching of deoxyribose-ribose vibration of DNA [68, 69] . These two positive peaks taken together suggest the existence of a higher amount of nucleic acids in the fatal hypothermia group in comparison with the normothermia group. In addition, another prominent IR peak that should be highlighted is the 1126 cm −1 , an important spectral marker for lactate [51] . The increase and decrease for the fatal hypothermia and hyperthermia spectra respectively, in comparison with the normothermia spectrum, are indicative of different lactate concentrations in fatal hypothermic and hyperthermic hypothalamus tissues.
Principle component analysis
PCA was employed to differentiate the FTIR-based profiles of hypothalamus tissues in the fatal hypothermia, fatal hyperthermia and normothermia groups. In the first step, for each spectroscopic image, every ten spectra randomly extracted from the corresponding spectral dataset were averaged to represent one spectrum. A spectrum that had been selected once for computing a mean spectrum was not allowed to be selected again for the computation of another mean spectrum. Consequently, 272, 272 and 208 mean spectra, corresponding to the fatal hypothermia, fatal hyperthermia and normothermia groups, respectively, were calculated and then mean-centered for PCA. The PCA results, presented as scores and loadings plots for fatal hypothermia-control, fatal hyperthermia-control and fatal hypothermia-fatal hyperthermia groups are displayed in Figure 3A -C, respectively. As seen in this figure, each score's plot shows a clear binary separation. The loadings plots that identify new meaningful variables responsible for the discrimination of the groups appearing in the scores plots are also shown in Figure 3A -C. The 'M'-shape and inverted 'N'-shape observed in the 3100−2800 cm −1 and 1700−1600 cm −1 regions of the PC-loadings plot for Figure  3A ,B could underline both an increase in the lipid components and an alteration in the secondary conformational structures of the proteins of fatal hypothermia and hyperthermia groups in comparison with the normothermia group. These findings are in accordance with our aforementioned results of the differential spectra analysis. Additionally, multiple positive and negative peaks observed in the 3100−2800 and 1700−900 cm −1 regions of the PC-loadings plot for Figure 3C indicate varying concentrations of biomolecules in the fatal hypothermia and hyperthermia groups. This is understandable because the pathophysiology processes of the hypothalamus response to fatal hypothermia and hyperthermia are different. PCA for all the three examined animal groups has been performed (Fig. S2) . Fig. S2 indicates that there is a separation trend between these three groups.
Random forest feature importance analysis
It has been reported that the random forest classifier with its associated Gini feature importance allows for an explicit feature selection [70] . In this study, we performed RF to discriminate the spectral profiles of the fatal hypothermia, fatal hyperthermia and normothermia groups and further analyze the Mean Decrease Gini coefficient, one important outcome of the RF classification model, to ascertain specific spectral features that are important to the classification. Figure 4 shows the Mean Decrease in Gini Coefficient for all wavenumbers in a range. The higher the score, the more important the wavenumber is to the fatal hypothermia-fatal hyperthermia-normothermia classification model. As can be seen, the prominent wavenumbers in terms of RF importance are around 1622 cm −1 (β-sheet secondary structures of proteins) [65] , 1122 cm −1 (C-O stretching of ribose vibration of RNA) [71] and 972 cm −1 (the DNA), suggesting the major differences in spectra seen in proteins and nucleic acids are responsible for the greatest discrimination between fatal hypothermia, fatal hyperthermia and normothermia groups.
The comparison of the biochemical features among the fatal hypothermic, fatal hyperthermic and normothermic hypothalamus tissues
In this study, we successfully employed three progressive analytical methods, from the basic difference spectra analysis to unsupervised PCA, then to supervised RF machine learning method, to uncover the differences in the spectral profiles of fatal hypothermic, fatal hyperthermic and normothermic hypothalamus tissues. It was found that spectral bands around 2920 and 2850 (lipid feature), 1668, 1626, 1622 and 1518 (protein feature), 1126 (carbohydrate feature) and 1122 and 972 cm −1 (nucleic acids feature) were of great value for this discrimination. These findings suggested variations in the mechanisms of lipids, proteins, carbohydrates and nucleic acids across these three groups. To ascertain these mechanism differences and gain further insight into the pathophysiological processes of the hypothalamus response to fatal hypothermia and hyperthermia, these spectral features are discussed more in detail below.
Lipid region
Brain tissue contains the second highest lipid content after adipose tissue and pathological processes could result in alterations both in the content and composition of the brain lipids [72] . Figure 5 presents calculated integral intensities of selected bands and their ratios to illustrate spectral changes of lipids observed in hypothalamus. The sum of the CH 2 asymmetric and symmetric stretching modes was calculated as the content of total lipids [65] ( Figure  5A ). This showed the total lipid content to be significantly higher in the fatal hypothermia and hyperthermia groups when compared with normothermia group. It is thought that this is caused by the cerebral ischemia, which often occurs in deaths related to fatal hypothermia and hyperthermia, resulting in an increased production of free fatty acids [73] . The intensity of the olefinic band at 3012 cm −1 was used as an index of relative concentration of double bonds in the lipid structure of unsaturated lipids [74, 75] . In order to examine the unsaturation level of the hypothalamus tissues, olefinic C-H/ total lipid ratio was calculated. Decreases in the olefinic C-H/ total lipid ratio both in the fatal hypothermia and hyperthermia groups with respect to the normothermia group ( Figure 5B) demonstrate decreases in the concentration of unsaturated fatty acids in these two groups. These results could be attributed to lipid peroxidation, which causes the loss of olefinic bonds by breaking double bond sites of polyunsaturated acyl chains [74]. The production of free radicals induced by cell injury is known as an important pathogenesis for lipid peroxidation [76] . Therefore, we speculate that the neurocyte injuries of hypothalamus tissues induced by fatal hypothermia and hyperthermia could produce free radicals and further result in lipid peroxidation. Additionally, the bandwidths of CH 2 asymmetric stretching bands were also measured for half of the peaks in this study. According to previous literature, these bandwidths are related to the motional rates of the molecule and are evidence of the membrane dynamics [77, 78] . Significant decreases were observed in the bandwidth values of CH 2 asymmetric stretching bands of fatal hypothermia and hyperthermia groups when compared with the control group ( Figure 5C ), indicative of lower membrane fluidity of neurons in fatal hypothermic and hyperthermic hypothalamus tissues.
Protein region
The FTIR-based amide profiles have proven to be valuable for examining the content, structure and function of tissue proteins [67, 79] . Here, the sum of intensities of protein amide I band (1700−1600 cm −1 ), which corresponds mainly to the C = O stretching modes of the protein backbone [80] , were calculated to illustrate the total protein level ( Figure  6A ), while the intensity of 1622 cm −1 was calculated to represent the level of aggregated proteins ( Figure 6B ) [52, 53] . Interestingly, it is observed that the fatal hyperthermia group harbors both the lowest content of total proteins and the highest content of protein aggregates among these three groups. The decreased level of total proteins could be caused by a down-regulation of proteins in the neurocyte response to heat stress [81] , and the increased level of protein aggregates could be attributed to brain ischemia, which causes energy deprivation, free radical generation and antioxidant depletion as well as an increase of tissue oxidation products like protein aggregates [53] . In this study, we also calculated the ratio of amide II (maximum peak at 1545 cm −1 ) to amide I (maximum peak at 1655 cm −1 ), a well-known spectral marker of protein secondary structure alteration induced by various stressors [67, 82, 83] , to represent the level of dysfunctional proteins. The graph in Figure 6C shows the highest value of the amide II/amide I ratio occuring in the fatal hyperthermia group, indicative of the most severe protein dysfunction level in fatal hyperthermic hypothalamus tissues. The three graphs in Figure 6 together demonstrate that the content, structure and function of proteins, and the cellular activity of hypothalamus tissues, are more susceptible to hyperthermia than hypothermia. Indeed, some authors point out that despite the damaging effects of hypothermia, body cooling can substantially increase the ischemic tolerance of the internal organs [84] . Our experimental data revealed a longer average death time for rats in the fatal hypothermia group than in the fatal hyperthermia group, which indirectly supports that hypothesis.
Carbohydrate and nucleic acid region
The sum of intensity at 1122 (arising from RNA) and 972 cm −1 (arising from DNA) illustrating the total nucleic acid levels was calculated ( Figure 7A ). As can be observed, the total nucleic acid content is significantly lower in the fatal hyperthermia group compared with normothermia group, which is thought to be a result of heat stress. At a cellular level, this stress induces inhibition of DNA synthesis and transcription, RNA splicing and translation and cell-cycle inhibition [85, 86] . A small but significant increase in the nucleic acid content for the fatal hypothermia group with respect to normothermia group is also found. This finding is in accordance with previous literature, which reported that mild hypothermia may enhance the expression of neuroprotective or repair genes to protect nervous tissues [87] .
FTIR has also proved valuable for investigating carbohydrates metabolic pathways in the brain [51] . In this study, we performed absorption integration from the most specific IR bands of glycogen (1151 cm −1 ) [51] ( Figure 7B ) and its one metabolic product, lactate (1126 cm −1 ) ( Figure 7C ). The ratio of lactate to glycogen (1126 cm −1 /1151 cm −1 ) was also calculated to evaluate glycolysis progress ( Figure 7D ). We observed that the fatal hyperthermia group contained a lower content in both glycogen and lactate in comparison with the normothermia group. This is understandable as the raised body temperature during the early pathological process of hyperthermia increases the metabolic rate and oxygen consumption, resulting in the consumption of carbohydrates [88] . Additionally, Figure 7D shows that the fatal hypothermia group has a more active glycolysis process than the hyperthermia group. It is reported that a prolonged ischemic condition could lead to the survival of cells (i.e. glia and macrophages) only capable of glycolysis metabolism [51] . Taken together, our experimental results reveal a longer average death time for rats in the fatal hypothermic tissue group than those of the fatal hyperthermic group. Previous literature has reported that heat stress not only directly affects the central nervous system and induces cytotoxicity, which kills cells, but also indirectly induces blood redistribution toward skin and muscles, resulting in neuronal necrosis [81, 88] . We speculate that the fatal hypothermia group underwent a longer period of ischemia than the fatal hyperthermia group, which led to the more active glycolysis seen in the fatal hypothermia group.
Conclusion
In this preliminary study, we demonstrate for the first time the potential of FTIR spectroscopy combined with advanced chemometrics as a method for easy and rapid assessment of the biomolecular variations seen in fatal hypothermic, fatal hyperthermic and normothermic hypothalamus tissues in rat models. Our FTIR-based results showed that the fatal hypothermic and hyperthermic hypothalamus tissues both have higher total lipid levels and lower lipid unsaturation levels, and their cell membranes demonstrated less motional freedom in comparison with the normothermic hypothalamus tissue. Additionally, the lowest total protein and carbohydrate levels and the highest protein aggregates and dysfunctions levels were observed in the fatal hyperthermic hypothalamus tissues, while the highest nucleic acid and glycolysis levels were observed in the hypothermic hypothalamus tissues.
The brain often remains unexamined in fatal hypothermia/hyperthermia death investigations because it is thought to only indicate nonspecific histopathological findings. Nevertheless, our FTIR-based results show that the biochemical profiles of fatal hypothermic, fatal hyperthermic and normothermic hypothalamus tissues were significantly different. This study, supported by our previous studies [89, 90] , demonstrates that some tissues or organs regarded as nonspecific for the determination of the cause of death in forensic pathology do indeed have specific biochemical fingerprints. There is a high potential for this technique to augment the results of conventional forensic post-mortem examination and provide for a more accurate determination of the cause of death. Nevertheless, much work still needs to be done both by our own group and by others. It is important to acknowledge that we need to investigate the biochemical signatures of hypothalamus tissues from alternative causes of death, such as fatal anaphylactic shock, drowning, sudden cardiac death, neurological failures and intoxication-related deaths. These are common causes of death encountered in forensic casework and should be taken into consideration in the control groups of further studies like this one. 
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